Altimeter and sea level pressure data from the Geosat mission are analyzed for evidence of inverted barometer response of sea level to atmospheric pressure forcing. Estimates of the inverted barometer coe cient are given for a variety of geographic regions and time scales using various orbit error removal strategies. There is some sensitivity to the orbit error removal method, but the estimated coe cients show a clear latitudinal dependence and are generally between -0.5 cm/mbar and -0.9 cm/mbar. The southern oceans respond slightly more like an inverted barometer than the northern oceans for similar latitudes. The regression exhibits signi cant geographic variability, particularly near major circulation features and in the northern hemisphere. The results suggest that the inverted barometer approximation is reasonable over much of the oceans, but that some sea level variability may be correlated with barometric pressure by means other than the inverted barometer e ect.
Introduction
The purpose of this paper is to report on direct observations of the response of sea level to loading by atmospheric pressure using the Geosat Exact Repeat Mission (ERM) data. This is an important issue in radar altimeter studies and in estimating the contribution of oceanic mass redistribution to changes in the Earth's gravity eld and rotation. Average local sea level derived from the entire 3-year mission was used as an estimate of the geoid plus average current and other contributions and was removed, leaving a time-variable quantity called the sea surface height topography (SSHT). Variations in SSHT were then regressed against departures from the local mean barometric pressure at sea level (SLP). The pressures were derived from altimeter corrections based on the operational analyses of the Fleet Numerical Oceanographic Center (FNOC). This work builds upon earlier studies of the ERM data by Wunsch 1991b] and vanDam and Wahr 1993] .
Starting from the hydrostatic equation, it can be shown Je reys, 1916; Gill and Niiler, 1973 ] that a barometric high(low) pressure system should depress(elevate) the sea surface. An application of this is found in The Complete Geosat Altimeter GDR Handbook Cheney et al., 1991] , which gives the Inverted Barometer (IB) correction for the sea surface height as: ib = ?0:9948 (p a ? 1013:3) (1) where ib is the component of local sea level due to atmospheric pressure (in cm), p a is the local atmospheric pressure (in mbar), 1013:3 is the mean atmospheric pressure over the global oceans, and ?0:9948 is the IB coe cient (in cm/mbar). The widespread use of the IB correction e.g., van Gysen et al., 1992] and the magnitude (as much as 40 cm) makes the accuracy of the approximation in (1) an important issue.
Intuitively, (1) ought to be most valid for slowlyvarying pressure disturbances. This is supported by numerical and analytic studies Dickman, 1988; Ponte, 1993] . Ponte 1993] concludes that at periods between two and ten days in deep water, (1) should be an excellent approximation. An early study of Bermuda tide gauge data by Wunsch 1972] supports the use of (1) at periods more than several days, but studies of the ERM data by Wunsch 1991b] and vanDam and Wahr 1993] found that the observed coecient di ered from that of (1), and showed geographical variability.
The Geosat Geophysical Data Records (GDR) are described in detail by Cheney et al., 1991] . The only clari cations necessary here are that we used the rereleased 1991 version of the data and the dry troposphere correction is based on the FNOC twice daily gridded model of surface barometric pressure. Some de nitions are required: a \repeat cycle" is the time it takes for the ground tracks to repeat (17.05 days); an \arc" is any set of time-continuous data.
Data Processing
The ERM data are known to contain orbital uncertainties that must be removed before a meaningful data analysis can be performed. To this end, the data processing is designed to retain as much frequency and wavenumber content as possible by joining ascending and descending portions of each orbit, to preserve the original temporal and spatial sampling, and to utilize all 62 repeat cycles. There are a number of di erences with previous work. For example, vanDam and Wahr 1993] estimated and removed orbit error (of a form di erent from (2) below) from half orbits, and examined only the rst year of the ERM; Wunsch 1991a,b] examined the rst 2 years of the ERM, removed orbit error from multiple-orbit arcs, and used spherical harmonics to perform spatial interpolation. Such details of data processing can a ect the results, as shown below.
Wet and dry tropospheric and ionospheric corrections Cheney et al., 1991] and a sea state bias adjustment of 2% of signi cant wave height Cheney, 1987] , were applied. These steps are widely used but di er from those of Wunsch 1991a,b] . The tasks that remain are to nd and discard erroneous or unwanted data, estimate and remove residual radial orbit error, and estimate and remove the mean to yield the SSHT. No attempt was made to explicitly remove the e ects of steric sea level change, although seasonal hemispheric heating and cooling may be largely eliminated when removing a 1 cycle per revolution (cpr) component Chelton and Schlax, 1993] as was done and is explained later.
Roughly one-third of the GDRs were excluded for various reasons. 26.5% of the GDRs were over shallow water or within a restricted basin geometry where the SSHTs are likely to be dominated by e ects other than the IB mechanism. (The GDR has a ag for water less than 2000m deep, this was convenient definition of \shallow".) 6% of the data were also rejected because of bad data ags, large wave heights or other problems. After editing, an average repeat cycle contained approximately 518,000 points; about 2100 points per orbit or 14,000 km of coverage.
Global maps of SSHT at this stage clearly show along-track streaks indicating radial orbit error problems in the range of 15-60 cm. Engelis 1988] concludes that a 1 cpr sinusoid is a good description of the remaining radial orbital error, but Zhang 1988 
whereê ij is the estimated orbit error for orbit j at time i, t i is the time elapsed since the start of the orbit, ! 1 is 1 cpr, ! 2 is 2 cpr, and m 1j through m 5j
are model coe cients for orbit j. Two forms of (2) were used; 3 coe cients removes the mean and 1 cpr, 5 coe cients also removes 2 cpr. Coe cients were estimated by unweighted least squares using arc lengths of 1 or 3 orbits as described below. The general orbit error removal strategy appears to be e ective. For example, when all ve coe cients in (2) are t to 1 orbit arcs, along-track SSHT variability is reduced from values as large as 1 meter rms, to between 10 and 14 cm rms, and a global map shows no evidence of orbit-correlated streaks. SLP was recovered using Cheney et al., 1991] : 
is an estimate of the IB coe cient over the mixed spatial and temporal scales de ned by the data selected.^ was determined from various data combinations including: one and three orbit arcs from all 62 repeat cycles; from the global oceans and major ocean basins for each 17 day repeat cycle; and from 2.5 x 2.5 bins for each repeat cycle as discussed later.
Orbit error correction of SSHT by subtracting (2) also removes signal at those wavelengths, possibly biasing the regression (5) with SLP, whose spectrum contains these wavelengths. When we regressed the orbit-error-corrected SSHT and the raw SLP,^ consistently tended to be near zero. This bias in^ is dealt with by removing similar components from the SLP.
Along-Track Results
The estimate of (5) computed for each orbit is shown in Table 1 . The least variability is achieved when only three terms of (2) are removed from SSHT and SLP (thus retaining 2 cpr). Lower variability hints that the IB mechanism may be active at large spatial scales. If the orbit error is slowly varying, a more robust estimate of (5) should be achieved when (2) is t over longer arcs. However, when (2) is estimated from 3 consecutive orbits and removed from the center orbit only, the variability of^ is nearly 5 times greater than the other cases. Thus, orbit error may not vary slowly.
Ocean Basin Results
The regression (5) was performed on data from each repeat cycle taken from individual ocean basins to investigate geographic variability (Table 2) . Except for the longer arc length case (when (2) is removed from the center orbit only), the dominant effect of removing (2) is to reduce . The relatively high for the long arc case suggests relatively rapid changes in orbit error. Globally, the oceans tend to exhibit a response of nearly -0.8 cm/mbar.
Gridded Data Results
SSHT and SLP were conditioned by subtracting (2) determined from 1 orbit arcs and then assigned to 2.5 x 2.5 bins. The regression was performed on each bin for each repeat cycle. Plate 1 shows the results for the 3 coe cient model. The 10% of the bins with the highest variance were trimmed by removing enough outliers of^ to reduce the bin variance below the initial 90% level (14 (cm/mbar) 2 ). The regressions removed generally had few points. There is no additional spatial smoothing. Plate 1 shows spatial patterns that di er from those of vanDam and Wahr 1993], who removed the mean SSHT but not the mean SLP from each bin prior to computing^ vanDam, pers. comm. 1993]. Plate 2 is a map of standard deviations associated with Plate 1. Figure 1 shows a latitudinal dependence when^ is averaged over longitude. Mid-latitudes exhibit values near -0.4 to -0.6 cm/mbar, while the polar regions have values of -0.75 to -0.9 cm/mbar. The decrease in IB behavior near the equator seen by vanDam and Wahr 1993] is absent. Also, the Southern Hemisphere (which has larger oceans), responds more like an IB than the Northern Hemisphere.
Discussion
There are a number of limitations to this investigation which deserve note: equation (1) refers to SLP uctuations about a global mean, rather than the local mean used in this study; estimates of local means are undoubtedly contaminated by orbit errors and uneven data recovery on repeat orbits; there is a lack of direct barometric pressure observations, necessitating the use of gridded model data, in this case from the FNOC; lastly, the temporal and spatial sampling intervals of the FNOC data are 12 hours and 2.5 , respectively, while the corresponding altimeter sampling intervals are far smaller. Some of these effects may contribute to geographically variable biases, particularly during periods of rapid weather change. Also, the temporal variability of global mean surface pressure over the oceans is small, but not zero. The contributions of these various problems await further study.
In general, orbit error removal strategies that retain longer wavelengths in the SSHT and SLP seem to result in a less variable^ closer to -1 cm/mbar. This is consistent with the notion that IB behavior is expected for slowly-varying pressure disturbances, which typically occupy large spatial scales. Plate 1 attests to considerable geographic variability, suggesting that it is not accurate to describe the IB mechanism by a single coe cient. It is possible to biaŝ towards zero if the spatial spectrum of SLP is not conditioned to be similar to that of SSHT after orbit error removal.
Consistent with the studies of Wunsch 1991b] and vanDam and Wahr 1993] , is that in most places^ is less than anticipated. There are two likely explanations. The simplest is that because^ in (5) is proportional to the correlation coe cient between SLP and SSHT, various data problems have biased the estimates. Orbit error removal problems clearly produce this e ect ( The great majority of variance reduction in the ERM data comes in the correction for radial orbit errors. After removal of orbit error, the IB e ect explains only about 12.7% of the residual variance, leaving a considerable portion for further study. Mean regression coe cients^ and their standard deviations from the entire ERM, before and after removal of models (2) from both SLP and SSHT.
